Multiple system atrophy (MSA) is a progressive neurodegenerative disease characterized by autonomic failure, parkinsonism, cerebellar ataxia, and oligodendrocytic accumulation of alphasynuclein (αsyn). Oxidative stress has been linked to neuronal death in MSA and the mitochondrial toxin 3-nitropropionic acid (3NP) is known to enhance the motor deficits and neurodegeneration in transgenic mice models of MSA. However, the effect of 3NP administration on αsyn itself has not been studied. In this context, we examined the neuropathological effects of 3NP administration in αsyn transgenic mice expressing human αsyn (hαsyn) under the control of the myelin basic protein (MBP) promoter and the effect of this administration on posttranslational modifications of αsyn, on levels of total αsyn, and on its solubility. We demonstrate that 3NP administration altered levels of nitrated and oxidized αsyn in the MBP-hαsyn tg while not affecting global levels of phosphorylated or total αsyn. 3NP administration also exaggerated neurological deficits in the MBP-hαsyn tg mice, resulting in widespread neuronal degeneration and behavioral impairment.
Materials and Methods

Animals and Treatment
The generation and characterization of the MBP human αsyn transgenic (MBP-hαsyn tg) mice has been previously described (Shults et al., 2005) . In the present study, we used a total of 24 mice with a mean age of 8.9 months. Mice of each genotype (MBP hαsyn tg [n = 12] or nontransgenic littermates [NTg] [n = 12]) were divided into saline-and 3NP-treated groups. 3NP was dissolved in saline and pH 7.4 was adjusted with 1 mol/L NaOH. The 3NP (or saline) was administrated intraperitoneally twice daily over 6 days according to the following dosage protocol: 10 mg/kg (days 1 and 2), 20 mg/kg (day 3 and 4), and 30 mg/kg (days 5 and 6), total dose 290 mg/kg in 6 days. Behavioral analysis was conducted 3 weeks after the final injection, and mice were killed immediately after behavioral testing.
Tissue Processing
Following the National Institutes of Health guidelines for the humane treatment of animals, under anesthesia, mice were killed and brains removed. The right hemibrain was immersionfixed in 4% paraformaldehyde in pH 7.4 phosphate-buffered saline and serially sectioned at 40 μm with a Vibratome (Leica, Deerfield, IL). The left hemibrain was kept at −80°C for biochemical analysis.
Western Blot Analysis
Protein levels of total, phosphorylated (S129), nitrated, and oxidized αsyn were determined by immunoblot analysis. Fractional analysis of hαsyn accumulation was performed as described previously (Kahle et al., 2002; Shults et al., 2005) . Briefly, hemibrains were sonicated in trisbuffered saline plus protease inhibitor (TBS+) (Sigma, St. Louis, MO) and centrifuged for 5 min at 1,000g, and the resulting supernatants were ultracentrifuged for 1 hr at 130,000g. The supernatants from this step represented the TBS-soluble fractions. Pellets were then rinsed twice with TBS1 and extracted with 500 μl of 5% sodium dodecyl sulfate (SDS) in TBS+ and ultracentrifuged for 30 min at 130,000g, and the pellets were reextracted twice, collecting the detergent-soluble supernatants (SDS-soluble fraction). The detergent-insoluble pellets were squashed in 100 μl of 8 M urea/5% SDS in TBS+ and incubated for 10 min at room temperature. Eighty microliters of the resulting suspension was mixed with 20 μl of trichloroacetic acid and allowed to precipitate overnight at 4°C, and precipitates were collected in protein gel-loading buffer containing 5.3 M urea. For TBS-and SDS-soluble fractions, 15 μg of protein was loaded for each lane. For urea extract, all protein precipitates in each sample were loaded. Membranes were probed with primary antibodies for polyclonal αsyn (1:1,000; Chemicon, Temecula, CA), phosphorylated Ser-129-specific αsyn 11A5 (1:250, Kahle et al., 2002) , nitrated αsyn (1:1,000, Upstate, Lake Placid, NY), and oxidized αsyn (Syn 514, 1:1,000, Abcam, Cambridge, MA). Anti-β-actin (1:1,000, Sigma, CA) was used to confirm equal loading. After overnight incubation with primary antibodies, membranes were incubated in appropriate secondary antibodies, reacted with enhanced chemiluminescence, and developed on a VersaDoc gelimaging machine (Bio-Rad, Hercules, CA).
Immunohistochemistry and Image Analysis
Vibratome sections (40 μm thick) were immunolabeled overnight with antibodies against αsyn (1:1,000, Chemicon), phosphorylated αsyn (1:1,000, Millipore), nitrated αsyn (1:1,000, Millipore), the neuronal marker NeuN (1:1,000, Chemicon), tyrosine hydroxylase (TH, 1:1,000, Millipore), and adenomatous polyposis coli (APC, 1:1,000, Abcam). The next day, sections were incubated with species-appropriate biotinylated secondary antibodies (1:200, Vector Laboratories) and avidin D-horseradish peroxidase (1:200; ABC Elite; Vector Laboratories), and reacted with diaminobenzidine tetrahydrochloride containing 0.001% H 2 O 2 . To assess apoptosis, sections were double-labeled with a monoclonal antibody against activated caspase 3 (1:200, Stressgen Bioreagents, Ann Arbor, MI) and an antibody against αsyn (1:1,000, Chemicon), followed by incubation with fluorochrome-labeled secondary antibodies. The immunolabeled blind-coded sections were analyzed on a bright-field microscope, and images were captured with a digital camera.
Stereological Analysis
An unbiased stereological estimation of dopamine neurons immunolabeled with TH, total number of neurons immunolabeled with NeuN, and oligodendrocytes immunolabeled with APC was performed with an optical fractionator as previously described (Mayhew and Gundersen, 1996) . The sections used for counts covered the entire substantia nigra from the rostral tip of the pars compacta back to the caudal end of the pars reticulate. This generally yielded eight to nine sections in a series. Sampling was performed with the Olympus CAST-Grid system (Olympus Denmark A/S, Denmark), with an Olympus BX51 microscope connected to the stage and feeding the computer with distance information in the z-axis. The region of interest was delineated with a 1.25× objective. A counting frame (60%, 35,650 μm 2 ) was placed randomly on the first counting area and systemically moved through all counting areas until the entire delineated area had been sampled. Actual counting was performed with a 40× oil objective. Guard volumes (4 μm from the top and 4-6 μm from the bottom of the section) were excluded from both surfaces to avoid the problem of lost caps, and only the profiles that came into focus within the counting volume (with a depth of 10 μm) were counted. The total number of cells was calculated according to the optical fractionator formula (West et al., 1991) .
Pole Test and Grip Strength Test
For the pole test, animals were placed head upward on top of a vertical wooden pole 50 cm long and 1 cm in diameter. The base of the pole was placed in the home cage. When placed on the pole, animals orient themselves downward and descend the length of the pole back into their home cage. Groups of mice received 2 days of training that consisted of five trials for each session. On the test day, animals received five trials, and total time to descend (T-Total) was measured.
In order to ascertain peak grip strength, the animals were allowed to grasp a grid connected to an isometric dynamometer (Bioseb) and slowly moved backward until they released it for three consecutive trials. The peak strength was expressed in grams.
Statistical Analysis
Statistical analyses were performed by commercially available software (SPSS version 10.0; SPSS, Chicago, IL). Group means were compared by the Mann-Whitney U-test for pairs and the Kruskal-Wallis analysis for multiple groups. Behavioural changes resulting from 3NP treatment were analyzed by nonparametric paired t-tests. Statistical significance was deemed to be P < 0.05.
Results
3NP Induces αsyn Posttranslational Modifications in MBP-hαsyn Mice
In order to investigate effect of 3NP administration on αsyn, brain homogenates from vehicleand 3NP-treated MBP-hαsyn mice and age-matched NTg controls were fractionated to obtain buffer-soluble (TBS), detergent-soluble (SDS), and detergent-insoluble (urea) fractions with each fraction represent increasing insolubility of αsyn. Immunoblot analysis of each of these fractions was conducted (Fig. 1A) , and levels of nitrated asyn ( Analysis of the levels of oxidized αsyn in each fraction revealed a significant increase in the levels of oxidized αsyn in the 3NP-treated MBP-hαsyn mice in comparison to the vehicletreated MBP-hαsyn mice or 3NP-treated NTg mice in the SDS fraction (Figs. 1A,F and 2B) and in the vehicle-and 3NP-treated MBP-hαsyn mice in comparison to the vehicle-or 3NPtreated NTg mice in the urea fraction (Figs. 1A,G and 2B). 3NP administration also significantly increased the levels of oxidized αsyn in the urea fraction of the NTg mice in comparison to vehicle-treated NTg mice (Figs. 1A,G and 2B). In the TBS fraction, 3NP treatment significantly increased the levels of oxidized αsyn in the NTg mice in comparison to vehicle-treated NTg mice (Figs. 1A,E and 2B). Analogous to the results with nitrated αsyn in the TBS fraction, levels of oxidized αsyn in the vehicle-and 3NP-treated MBP-hαsyn mice were significantly lower in the TBS fraction in comparison to vehicle-and 3NP-treated NTg mice.
Immunoblot analysis of phosphorylated and total αsyn ( Fig. 1A ) revealed expected higher levels of phosphorylated and total αsyn in MBP-hαsyn mice in comparison to NTg mice, as has been previously reported (Shults et al., 2005; Ubhi et al., 2008) . Levels of phosphorylated and total αsyn in the TBS, SDS, and urea fractions of the MBP-hαsyn mice were unchanged by 3NP administration in comparison to vehicle-treated MBP-hαsyn mice (Figs. 1A,H-J and 2C). 3NP-treated NTg mice displayed a decrease in expression levels of phosphorylated αsyn in comparison to vehicle-treated NTg mice in the TBS fraction (Figs. 1A,H and 2C) but an increase in the urea fraction (Figs. 1A,H and 2C). 3NP administration had no effect on levels of total αsyn expression in the NTg or the MBP-hαsyn mice (Figs. 1A,K-M and 2D).
Challenge With 3NP Increases Oligodendroglial Accumulation of αsyn in MBP-hαsyn Mice
Immunohistochemical analysis of the basal ganglia and frontal cortex was performed with antibodies against nitrated ( Fig. 3) , phosphorylated (Fig. 4) , and total ( Fig. 5 ) hαsyn in order to ascertain the effects of 3NP on the oligodendrocytic expression of αsyn in MBP-hαsyn mice. Oligodendrocytes were identified on the basis of their morphology. Analysis of the basal ganglia revealed that 3NP treatment resulted in a significant increase in nitrated αsyn immunoreactivity in the oligodendrocytes of MBP-hαsyn mice in comparison to both vehicletreated MBP-hαsyn mice and vehicle-and 3NP-treated NTg mice ( Fig. 3A -D, analyzed in E). Analysis of nitrated αsyn immunoreactivity in the frontal cortex revealed a similar pattern to that seen in the basal ganglia with the 3NP-treated MBP-hαsyn mice displaying significantly higher oligodendrocytic nitrated αsyn immunoreactivity in comparison to both vehicle-treated MBP-hαsyn mice and vehicle-and 3NP-treated NTg mice ( Fig. 3F -I, analyzed in J). 3NP treatment had no effect on nitrated αsyn immunoreactivity in NTg mice in either region examined.
Immunohistochemical analysis of phosphorylated αsyn immunoreactivity in the basal ganglia ( Fig. 4A -E) and frontal cortex ( Fig. 4F -J) revealed that, as expected, MBP-hαsyn mice displayed significantly higher phosphorylated-αsyn (pSer159) immunoreactivity in these regions in comparison to NTg mice ( Fig. 4A ,C,F,H, analyzed in E and J). 3NP treatment had no significant effect on levels of phosphorylated-αsyn immunoreactivity in MBP-hαsyn or NTg mice in either region examined ( Fig. 4B ,D,G,I analyzed in E and J).
Analysis of human αsyn immunoreactivity revealed significantly increased αsyn immunoreactivity in the oligodendrocytes of 3NP-treated MBP-hαsyn mice in comparison to vehicle-treated MBP-hαsyn mice in both the basal ganglia and frontal cortex. 3NP treatment had no effect on human αsyn oligodendrocytic immunoreactivity in NTg mice in either region ( Fig. 5A -D, analyzed in E, and F-I, analyzed in J).
3NP Administration Induces Caspase 3 Activation in a Subset of Oligodendrocytes and Neurons in the MBP-hαsyn Mice
In an order to investigate the combined effects of αsyn expression and 3NP treatment on the levels of neurodegeneration double labeling, immunohistochemical analysis was performed to examine the expression levels of activated caspase 3 and αsyn in the frontal cortex.
Significantly higher levels of caspase 3 activation were observed in the vehicle-treated MBPhαsyn mice in comparison to the vehicle-treated NTg mice (Fig. 6D,H ). 3NP administration dramatically increased this caspase 3 activation in the MBP-hαsyn mice (Fig. 6G ,J) and to a more modest extent in the NTg mice ( Fig. 6A,D) .
Analysis of the relative expression of active caspase 3 between neurons and oligodendrocytes (on the basis of their morphology) revealed significantly higher immunoreactivity for caspase 3 in the neurons of 3NP-treated MBP-hαsyn mice in comparison to vehicle-treated MBP-hαsyn mice (Fig. 6M) , with neurons from vehicle-treated MBP-hαsyn mice themselves displaying much higher levels of caspase 3 activation than vehicle-treated NTg mice. Oligodendrocytic caspase activation was also significantly higher in the 3NP-treated MBPhαsyn mice in comparison to vehicle-treated MBP-hαsyn mice (Fig. 6M ). There was minimal active caspase 3 immunoreactivity in the oligodendroglia from vehicle-or 3NP-treated NTg mice. Thus, although 3NP treatment lead to an increase in neuronal caspase 3 activation in both the 3NP-treated NTg and MBP-hαsyn mice, an increase in oligodendrocytic caspase activation was only observed in the MBP-hαsyn mice (Fig. 6M ).
3NP induced oligodendrocytic expression of activated caspase 3, and in addition, colocalization of the active caspase 3 signal with the αsyn signal in a subset of cells in the MBP-hαsyn mice in comparison to the vehicle-treated MBP-hαsyn mice (Fig. 6L, arrow) . In contrast, no colocalization between caspase 3 activation and αsyn expression was observed in the vehicle-treated MBP-hαsyn mice (Fig. 6I ).
3NP Treatment Exacerbates Behavioral Deficits in MBP-hαsyn Mice
In order to assess whether the posttranslational αsyn modifications induced by 3NP administration had any behavioral consequences, vehicle-and 3NP-treated NTg and MBPhαsyn mice were analyzed by the pole test, which has been linked to basal ganglia function (Matsuura et al., 1997) and has previously been used to demonstrate behavioral impairments in MBP-hαsyn mice (Shults et al., 2005) . 3NP-treated MBP-hαsyn mice took significantly longer to complete the pole test than both vehicle-treated MBP-hαsyn mice and vehicle-and 3NP-treated NTg mice (Fig. 7A ). These results are consistent with the immunohistochemical analysis of the basal ganglia. 3NP administration also appeared to increase the time taken by NTg mice to complete that test in comparison to vehicle-treated NTg mice. However, this did not reach statistical significance as a result of the degree of performance variability in the 3NPtreated NTg mice (Fig. 7A) .
In the grip test ( Fig. 7B ), there was a significant decrease in grip strength in 3NP-treated MBPhαsyn mice in comparison to both vehicle-treated MBP-hαsyn mice and vehicle-and 3NPtreated NTg mice. There was a trend toward decreased grip strength in the vehicle-treated MBP-hαsyn mice in comparison to vehicle-treated NTg mice (P = 0.063), and 3NP-treated NTg mice also displayed a trend toward decreased grip strength in comparison to vehicletreated NTg mice (P = 0.063).
3NP Administration Induces Widespread Degeneration in MBP-hαsyn Mice
In order to evaluate the wider effects of the 3NP-induced increases in oligodendrocytic αsyn accumulation, we examined degenerative alterations in neuronal and oligodendrocytic cells. Analysis of the substantia nigra revealed a significant loss of dopaminergic neurons, as assessed by TH immunoreactivity, in the 3NP-treated MBP-hαsyn mice in comparison to both vehicletreated MBP-hαsyn mice and vehicle-and 3NP-treated NTg mice. Vehicle-treated MBPhαsyn mice themselves displayed decreased TH immunoreactivity in comparison to vehicletreated NTg, indicating lower basal levels of dopaminergic neurons in the transgenic mice. 3NP administration also decreased TH immunoreactivity in NTg mice in comparison to vehicle-treated NTg mice ( Fig. 8A-E) .
Analysis of neuronal number, as assessed by NeuN immunoreactivity in the striatum (Fig. 8F -J) and frontal cortex ( Fig. 8K-O) , revealed a similar pattern. 3NP-treated MBP-hαsyn mice displayed lower NeuN immunoreactivity in both these regions in comparison to both vehicletreated MBP-hαsyn mice and vehicle-and 3NP-treated NTg mice (Fig. 8J,O) . 3NP administration also resulted in a decreased in neuronal density in the striatum and frontal cortex of NTg mice in comparison to vehicle-treated NTg mice (Fig. 8J,O) .
Immunohistochemical analysis was also performed in order to assess the effect of 3NP administration on oligodendroglial pathology. Analysis of the corpus callosum and cerebellar white matter, key regions implicated in MSA pathology, revealed decreases in APC immunoreactivity in both regions in vehicle-treated MBP-hαsyn mice in comparison to vehicle-treated NTg mice (Fig. 9A ,C and F,H, analyzed in E and J). 3NP administration significantly decreased APC immunoreactivity in the corpus callosum of MBP-hαsyn mice in comparison to vehicle-treated MBP-hαsyn mice (Fig. 9C-E) but had no significant effect on APC immunoreactivity in the cerebellar white matter of the MBP-hαsyn mice. 3NP administration had no effect on APC immunoreactivity in the corpus callosum of the NTg mice ( Fig. 9B,D,E) . However, there was a significant decrease in APC immunoreactivity in the cerebellar white matter of 3NP-treated NTg mice in comparison to vehicle-treated NTg mice (Fig. 9F,G,J) .
Results from neuro-and oligopathological analysis of 3NP administration revealed decreased neuronal and oligodendroglial density in a number of regions associated with MSA. These results are consistent with previous studies that have examined the effect of 3NP in mouse models of MSA (Stefanova et al., 2005a ).
Discussion
The present study examined the effects of oxidative stress, as induced by the mitochondrial inhibitor 3NP, on posttranslational modifications of αsyn and on the effects of these modifications on pathology and behavior. The results presented herein demonstrate that 3NP administration led to oxidation-specific modifications of αsyn that were concomitant with an exacerbation of behavioral deficits and widespread neuronal and oligodendrocytic pathology in a number of brain regions implicated in MSA (Wenning et al., 2008) .
Our work follows on closely from the work of Stefanova et al. (2005a) , who have previously described 3NP-induced intensification of neuropathology and behavioral deficits in a mouse model of MSA. However, the present work differs from the aforementioned study in a number of important aspects. First, the present study uses a different mouse model of MSA. A number of transgenic mouse models currently exist that model the neuropathological features of MSA to various degrees (Kahle et al., 2002; Shults et al., 2005; Stefanova et al., 2005b; Yazawa et al., 2005) . The present study was conducted in a model wherein the expression of αsyn has been targeted to the oligodendrocytes by virtue of the MBP promoter. This model has been extensively characterized and has previously been shown to result in extensive accumulation of αsyn and severe neuropathological alteration in the neocortex, basal ganglia, and cerebellum, key structures responsible for neurological deficits in patients with MSA (Shults et al., 2005) . Second, this study uses a 3NP dosing regimen that differs in timing and concentration from the previous study, avoiding the lethal toxicity effects that were reported with higher doses of 3NP. Third, the present study, while addressing the effects of 3NP on pathology and behavior, focuses mainly on αsyn itself and how it is modified on 3NP administration.
Our results indicate that administration of 3NP results in oxidative modifications to αsyn, as evidenced by the immunoblot and immunohistochemical analysis of nitrated and oxidized αsyn. The immunoblot data appear to demonstrate a shift of the nitratively and/or oxidatively modified forms of αsyn from the TBS to SDS or urea fractions, which indicates that these modifications in the MBP-hαsyn mice may result in reduced αsyn solubility. In contrast, levels of phosphorylated and total αsyn remain largely unaffected by 3NP administration, indicating a specificity of 3NP-induced posttranslational modification rather than global effects on αsyn.
The overexpression of human αsyn alone has been shown to induce behavioral deficits and neurodegeneration (Hashimoto et al., 2003; Kahle, 2008) . However, modifications such as phosphorylation and oxidative/nitrative modifications have been shown to increase the fibrillogenesis, aggregation, and toxicity of αsyn (Beyer, 2006; Norris and Giasson, 2005; Norris et al., 2003) , although the precise role and importance of each modification in this toxicity are still unclear. Although phosphorylation of αsyn (particularly at S129) has been previously linked to αsyn toxicity and a possible protective role via inclusion formation in Drosophila (Chen and Feany, 2005) , its exact role is still unclear, and recent studies that use αsyn mutants in which phosphorylation has been constitutively inhibited (S129A) or activated (S129D) to tease out the importance of phosphorylation in rodents have shown that phosphorylation at S129 is not necessary to induce pathology (Gorbatyuk et al., 2008) and have called into question the proposed protective role of inclusion formation by demonstrating activation of apoptotic markers after inclusion formation by the αsyn phosphorylation mimicking S129D mutants (Azeredo da Silveira et al., 2009) . In contrast, nitrative and oxidative modifications of alpha synuclein have been more consistently reported to be involved in the fibrillogenesis and aggregation of alpha synuclein, resulting in the formation of SDSsoluble alpha synuclein (Norris et al., 2003) . It is unlikely that one single modification alone is responsible for the behavioral and pathological changes seen in models of alphasynucleinopathies. Rather, the presence of all these modification in the brains of patients diagnosed with Parkinson's disease, Lewy body disease, and MSA (Burn and Jaros, 2001; Duda et al., 2000a Duda et al., , 2000b Giasson et al., 2000; Gomez-Tortosa et al., 2002; Ischiropoulos, 2003; Jenner, 1996; Kikuchi et al., 2002; Norris and Giasson, 2005) suggests that they work in conjunction to lead to neurodegeneration.
Because the observation that abnormally aggregated and posttranslationally modified αsyn forms a major component of the inclusions observed in MSA (Burn and Jaros, 2001; Duda et al., 2000b; Kikuchi et al., 2002; Tu et al., 1998; Yamashita et al., 2000) , and other αsyn nucleopathies (Duda et al., 2000a; Giasson et al., 2000; Gomez-Tortosa et al., 2002; Kikuchi et al., 2002; Waxman et al., 2008) , much research has been focused on trying to elucidate the mechanisms that underlie the transformation of this natively unfolded and soluble protein into the insoluble form found in these aggregates. Oxidative stress has been proposed as a possible mechanism that may link αsyn posttranslational modifications to subsequent aggregation (Bieschke et al., 2006; Ischiropoulos, 2003; Jenner, 1996; Maguire-Zeiss et al., 2005; Norris and Giasson, 2005; Schapira, 2008) . A recent study (Mirzaei et al., 2006) examining the effects of rotenone, a mitochondrial complex I inhibitor, on a C-terminal 20-residue stretch of αsyn, revealed multiple modifications on five specific residues (M116, Y125, M127, Y133, and Y136), including phosphorylation, nitration, and amination. Interestingly, each residue demonstrated a number of possible modifications upon exposure to rotenone, but not all residues demonstrated the same propensity for different modifications; for instance, Y125 could be phosphorylated, nitrated, or aminated, whereas Y133 was shown to be nitrated or aminated but never phosphorylated. These results demonstrate that these αsyn residues are highly susceptible to oxidative modification and that oxidative stress can result in a number of different modifications. The impact of oxidative stress on αsyn aggregation was demonstrated by a study (Norris et al., 2003) in which exposure to nitrative (ONOO − , peroxynitrite) or oxidative (H 2 O 2 and/or transition metals such as copper) stresses was shown to stabilize the formation of αsyn dimers and oligomers by the formation of covalent dityrosine crosslinks. Interestingly, this study showed that the presence of Tyr residues (Y39, 125, 133, and 136) was required for the cross-linking induced by ONOO − , but not by H 2 O 2 and/or transition metals. The authors of this work also report that αsyn fibrillogenesis in response to nitrating agents was dependent on the presence of the tyrosine residues, whereas that in response oxidizing agents was not. Collectively, the results from this study suggest that divergent mechanisms underlie the pathogenesis of nitrative and oxidative insults.
The results from this study indicate that 3NP administration may parody the pathological effects of oxidative stress in MSA, with 3NP-treated MBP-hαsyn tg mice mimicking the neuropathological characteristics of human MSA and also expressing oxidatively modified αsyn species as reported in MSA. Interestingly, 3NP treatment also has effects on the NTg mice. This may be because of its actions on the endogenous αsyn present in these mice. Experiments in αsyn knockout mice are under way to address this issue. Caspase activation in a subset of oligodendrocytes that express αsyn indicates that these cells are apoptotic; interestingly, caspase activation in the neurons surrounding the αsyn expressing oligodendrocytes suggests that these neurons may be also be experiencing some ill effect of the oligodendrocytic accumulation of αsyn, perhaps as a result of a lack of trophic support being provided by the damaged oligodendrocytes.
It remains to be determined whether oxidative stress is a cause, result, or epiphenomenon of the disease process in MSA, or whether oxidatively modified αsyn form the primary toxic species or are one of a number or modifications, such as αsyn cleavage (Dufty et al., 2007; Kasai et al., 2008; Mishizen-Eberz et al., 2005) , that underlie the pathogenesis observed in MSA. Ongoing and future research into MSA needs to be aimed at unraveling the interactions between oxidative stress and asyn modifications and aggregation. In light of the fact that direct genetic causes of MSA remain elusive, the current models of MSA focus on the oligodendrocytic expression of αsyn. However, the administration of 3NP and the induction of oxidative stress in these animals provide a model in which to examine the pathological consequences after the coincident induction of these factors. The results from this and from previous studies (Stefanova et al., 2005a) suggest that 3NP administration in MBP-hαsyn tg mice may provide a useful model in which to further investigate the complex relationships between oxidative stress, αsyn modification, and the subsequent pathogenesis observed in MSA. 3NP treatment exacerbates behavioral deficits in MBP-hαsyn mice. Motor behavior was assessed by the pole test (A). Mice were placed at the top of a vertical pole, and total time to descend (T-Total) was measured. Mice received 2 days of training, five trials each day, and were analyzed on the third day. Peak grip strength (g) was assessed (B) in three consecutive trials by allowing the mice to grasp a grid connected to an isometric dynamometer; mice were slowly moved backward until they released the bar. *Significant difference (P < 0.05, one-way ANOVA and post hoc Fisher). Oligodendroglial pathology as a result of 3NP treatment. In order to examine the effects of 3NP treatment on oligodendrocytes, levels of APC, an oligodendrocytic marker, were examined in the corpus callosum of vehicle-and 3NP-treated NTg and vehicle-and 3NPtreated MBP-hasyn mice (A-D, respectively, and analyzed in E). APC levels were also examined in the cerebellar white matter of vehicle-and 3NP-treated NTg and vehicle-and 3NP-treated MBP-hasyn mice (F-I, respectively, and analyzed in J). Scale bar = 200 μM. *Significant difference (P < 0.05, one-way ANOVA and post hoc Fisher). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
